Introduction
Group VI transition metal dichalcogenides (VI TMDs) with the chemical formula MX 2 have recently attracted much attention because of their superior physical properties and the unique layered structure for potential applications in electronic and optoelectronic devices. [1] [2] [3] [4] [5] [6] [7] These materials consist of X-M-X sheets which are held together via van der Waals interaction and can be thinned into single or few layer two-dimensional (2D) structures using several methods, [8] [9] [10] [11] such as liquid exfoliation and mechanical exfoliation with high crystal quality. Due to the lack/change of the interaction of layers, the electronic properties can be appropriately modulated. For example, bulk MoS 2 is an indirect band gap semiconductor with a band gap of 1.29 eV, 12, 13 while single-layer MoS 2 is found to have a direct band gap of about 1.8 eV. [14] [15] [16] With strong photoluminescence, and controllable valley and spin polarization, 2D TMDs have aroused interest in both the theoretical and experimental studies. Various studies, such as strain modulation and nanostructures, have addressed the tuning of band gaps and photoluminescence in MoS 2 and the related TMDs. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Phase transitions can modulate the properties of materials without the change in materials' composition and therefore are of important technological value. Most studies are focused on the hexagonal (2H) phase with semiconducting characteristics, while an overlooked feature is that VI TMDs can exist in several polymorphs. Depending on the arrangement of X atoms, 27 the other stable phase which is popular in VI TMDs is the distorted 1T phase (1T 0 ). [28] [29] [30] [31] [32] The 1T 0 phase has semimetal characteristics.
For example, bulk 1T 0 -MoTe 2 is a semimetal with much high carrier mobility of 4000 cm 2 V À1 s
À1
. The metallic 1T 0 -WS 2 has improved electrocatalytic activity. 33 The combination of 2H and 1T 0 phases with their special electronic characteristics will result in potential applications in several areas, such as field effect transistors, batteries, photovoltaics and optoelectronics. 2, 34, 35 Some studies on the structural transition between metallic 1T (or 1T 0 ) and semiconducting 2H phases including bulk materials and single layers have been carried out. [36] [37] [38] By the intercalation of Li and K, the 1T phase of MoS 2 transformed from 2H-MoS 2 with the contribution of electron donors was reported. 8, 39 However, bulk 1T-LiMoS 2 is thermodynamically unstable and can be transformed back to the 2H phase, as observed in Raman spectra. 40 Recently, in single-layer MoS 2 , the coexistence of two phases has been reported by Eda et al. 10 Using scanning transmission electron microscopy, the structural transformation in single-layer MoS 2 is observed with atomic resolution by Lin et al. 41 Theoretically, it is found that mechanical deformations and the 1T 0 phase in the monolayer VI TMDs. 42 In addition, using an electron beam, it is found that the 1T phase can be controllably grown in the 2H phase for MoS 2 . How about the dynamic barrier of phase transition between 2H and 1T 0 in VI TMDs? As we all know, the related information on the dynamic processes of phase transition in these 2D materials is still limited. In this work, we explored the mechanism of phase transition between 2H and 1T 0 of MoTe 2 and WTe 2 monolayers using firstprinciples methods. Both phases were considered to convert with each other by intra-layer atomic plane gliding. We analyzed the atom moving mechanism in detail in order to obtain the information on the phase transition pathway. It is found that the phase transition from 2H to 1T 0 does not occur simply through the intermediate 1T phase with the plane gliding of the X atom (Te) and the distortion of lattices. Actually, the mechanism is that the metal atom M (Mo or W) changes its position in the lattice of the 2H phase to that in the 1T 0 phase, simultaneously accompanied by the gliding of X (Te) atoms. In addition, in order to engineer the dynamic barrier of phase transition, we also analyzed the change in the energy barrier under strains including uniaxial and biaxial strain. The analysis of the dynamic process with the energy barrier for phase transition in MoTe 2 and WTe 2 monolayers is expected to shed some light on the application of VI TMDs as 2D phase transition materials.
Calculation methods
MoTe 2 and WTe 2 are usually with the 2H phase. 43 The 2H phase structure with space group P% 6m2 has hexagonal symmetry and the primitive unit cell of the single-layer has three atoms. The X (Te) atom is with trigonal prismatic coordination around M (Mo or W) atoms. The 1T phase is also with hexagonal symmetry and the primitive unit cell of the single-layer has three atoms. In the 1T phase with space group P% 3m1, the X atom is with octahedral coordination around M atoms. With previous study, we can find that the high symmetry 1T structure of single-layer VI TMDs is thermodynamically unstable, 44, 45 while another phase 1T 0 , the distorted version of the 1T phase, is found to be thermodynamically stable. This lower-symmetry phase is with space group P2 1 /M and the primitive cell in the x-y plane is rectangular. 28 In order to compare the structural changes of the three phases and perform the pathway analysis of phase transition, the 2H and 1T phases are constructed with rectangular supercells, as shown in Fig. 1 , as that of 1T 0 . In the supercells of these single-layer models, the vacuum separation in the z direction is set to be 18 Å in order to avoid the coupling of layers.
In the present work, all the calculations were performed on the basis of density functional theory using accurate frozencore full-potential projector augmented-wave pseudopotentials (PAW), as implemented in the VASP code. 46 We use the generalized gradient approximation (GGA) with the parameterization of Perdew-Burke-Ernzerhof (PBE) for the exchange and correlation potential. 47 In addition, we also consider the hybrid functional by using HSE06 to accurately estimate the band gaps. A kinetic energy cutoff of 500 eV for the plane wave expansion and a Monkhorst-Pack grid with a k-point spacing of 0.02 Å À1 are found to be sufficient to ensure that the total energy is converged at the 1 meV/atom level. The convergence criterion for the selfconsistence field energy was set to be 10 À6 eV. In order to enable the initial structure to attain the most stable conformation, all the atomic positions and the lattice constants in the x-y plane are fully relaxed.
Results and discussion

Pathway and barrier of phase transition
The lattice constants of MoTe 2 and WTe 2 monolayers with different phases, including 2H, 1T and 1T 0 phases, are calculated and they agreed well with the reported values from experiments and other theoretical calculations 42 as shown in Table 1 .
With our calculations, the ground states of MoTe 2 and WTe 2 are found to be in 2H and 1T 0 phases, respectively. In addition, the energy of the 1T phase is much higher than those of 2H and 1T 0 and the energy difference between 2H and 1T 0 is relatively small. From the view of atomic arrangement in the lattice, Mo (W) is coordinated by six Te atoms in three phases. However, the coordinated structure is different. In the 2H, 1T and 1T 0 phases, the six Te atoms around Mo (W) are arranged in the trigonal prismatic, octahedral and distorted octahedral structures, respectively. It is noticed that the 1T phase can convert into the octahedrallike 1T 0 phase by symmetry distortion. In the rectangular unit cell, the main difference between the two phases lies in the position of the center metal atom as depicted in Fig. 1 . Of course, the positions of Te atoms are modulated appropriately, by following the deviation of the metal atom to the high symmetry position. For the 1T structure, one of the metal atoms is located in the middle of the cell (its coordinate corresponding to 0.5 along the b-axis), while this metal atom is below the central position for the 1T 0 structure (its coordinate corresponding to 0.36 along the b-axis) in Fig. 1 . Therefore, the pathway from 1T to 1T 0 is that the metal atom (Mo or W) moves from the high symmetry position to a position that deviated from the centre in 1T 0 along the y axis of the x-y plane ( Fig. 2a ) with the relaxation of Te atoms in the cell. From the calculation, it is found that there is no energy barrier from 1T to 1T 0 .
In addition, one soft phonon mode in the optical modes of VI TMD materials which has an imaginary vibrational frequency has been found theoretically. 42 Is it possible that the phase transition from 2H to 1T 0 is completed by the intermediate
The coordinated structure can change from a trigonal prismatic polytype to an octahedral coordinated structure through the plane gliding of the atomic layer of tellurium. This means that the phase transition from 2H to 1T can be achieved by the movement of two Te atoms of one plane along the y axis as shown in Fig. 2a . As the black lines in Fig. 2b and c show, there is an energy barrier for transition from 2H to 1T, since Te atoms need to go through the center between the two Mo (W) atoms. The energy barriers of MoTe 2 and WTe 2 are 1.1 eV and 1.2 eV per formula unit, respectively. However, is it possible that the phase transition from 2H to 1T 0 occurs directly by the simultaneous movement of Mo (W) and Te with a relatively low energy barrier, but not via the 1T phase, as there is no barrier between 1T and 1T 0 phases and the energy of the 1T phase is higher? In order to obtain the transition pathway from 2H to 1T 0 with a minimum energy barrier, we fix the metal atoms (Mo or W) at the special position (such as the center position of the cell in the 1T phase) and move the Te atom from one equilibrium position to another equilibrium position via the center of two metal atoms in the cell (Fig. 2a) as a special pathway. Then by shifting the position of the metal atom (Mo or W) to another special position along the y axis as indicated by the arrows in Fig. 2a and repeating the above process of moving Te atoms, we can obtain a series of energy curves. As shown in Fig. 2b and c which include the pathways of MoTe 2 and WTe 2 , respectively, we can find the energy barriers for phase transition from 2H to 1T 0 .
It should be noticed that the simultaneous displacement of Te atoms along the c-axis accompanied by the Te plane slide along the b-axis has been considered, since the coordinates of Te atoms on the c-axis are different for both phases 2H and 1T 0 .
The energy of the 2H phase is taken as the zero point. For each curve with a fixed special position of the Mo (W) atom, the energy increases with the Te atom going down along the b-axis. When the Te atom arrives at the center of both the nearestneighbor Mo (W) atoms, the energy reaches the maximum. Then the energy will decline after the Te atom goes across the center between Mo (W) atoms. The energy appears to be a minimum value when the Te atom is in a suitable position which is the local equilibrium point. the energy barriers are about 0.89 and 0.77 eV per formula cell, respectively. The lattice parameters a and b in both phases 2H and 1T 0 are different and the difference is about 1-1.5%, as shown in Table 1 . By comparing the energy barriers calculated using the fixed lattice parameters of 2H and 1T 0 , it is found that the difference is about 0.05 eV per formula cell as shown in Table S1 in the ESI. † To compare with the value of energy barrier itself, this error is small and the volume-fixed nudged elastic band in this work is enough to analyze this phase transition. From 2H to 1T 0 , the lattice parameters a and b are not obviously changed. Therefore, this continuous model about the displacements of the involved atoms with fixed lattice parameters a and b can be considered to be valid for this first order phase transition between 2H and 1T 0 . On the other hand, if the distance of the Te atoms (as shown in Fig. 1 ) is considered to be the reference of the lattice parameter in the c-axis, this parameter for both phases is obviously discontinuous. In the phase transition of both phases, the change in this parameter is obvious and can be captured by the two-step method as shown in Fig. S1 in the ESI. † Experimentally, the electrically activated phase transitions between 1T
0 and 2H have been demonstrated in multilayered TaS 2 48 and TaSe 2 . 49 In the monolayer VI TMD materials, the stress and strain could be applied via the deformation of a flexible substrate and large elastic deformations can be reached through tensile strain. Therefore, the structural stability may be transformed by the mechanical deformation. 50 In order to realize the structural transition of monolayer telluride and gain a particular phase, we enable the independent control of lattice parameters to prove the structural transition and estimate the energy barrier.
Phase transition under biaxial strain
From the above analysis, we can extract the dynamic energy barrier between 2H and 1T 0 from the curves of both initial and final states which corresponded to the fixed position of the metal atom at the points 0.5 and 0.36 in the b-axis. As shown in Fig. 3a and b, the curves of initial and final states under biaxial tensile strain of 5%, 10% and 15% are shown for phase transition between 2H and 1T 0 of MoTe 2 and WTe 2 , respectively. It is interesting that the curve of the final state becomes flat by following the increase of tensile strain. This implies that the energy barrier will decrease with the increase of tensile strain. In addition, it is noticed that the curve of the final state of MoTe 2 (shown by the green open circle line in Fig. 3a) under strain of 10% has a barrier with a sharp peak and it implies that there may be a transition of structural stability. In Fig. 3c and d For MoTe 2 , the ground state is the 2H phase and the 1T 0 phase becomes more stable after the tensile strain reaches 10%. When the strain is less than 10%, the energy barrier decreased following the increase of strain. The change in the relative stability of both phases under the strain of 10% results in the increase of the energy barrier. Following the increase of strain further, the energy barrier between both phases is decreased again. For WTe 2 , the energy difference between 2H and 1T 0 is increased and the energy barrier of both phases is decreased by following the increase of tensile strain. This means the phase transition from 2H to 1T 0 becomes easier with the increase of tensile strain. Here, it should be noticed that the 10% strain is possible to be near the upper boundary of MTe 2 , since the breaking strain of similar 2D materials, monolayer graphene and MoS 2 , is about 12% and 11%, respectively. 51, 52 This implies that the biaxial strain may not be an effective way since the mechanical strain more than 10% is not easily achievable.
Phase transition under uniaxial strain
In the experiments, the lattice parameters of monolayer TMDs may be tuned independently by virtue of the substrate. Here we consider the effect of uniaxial strain on phase transition by tuning the lattice parameter b and fixing the lattice parameter a. The relative energy-coordinate curves of both MoTe 2 and WTe 2 are displayed in Fig. 4a and b for the case of uniaxial tensile strain. It is found that the stability of 2H and 1T 0 is reversed for MoTe 2 beyond the critical uniaxial strain of 8%, as manifested in Fig. 4a . When this phase transition occurs under the uniaxial strain of 8%, the energy barrier is about 0.78 eV per formula unit (illustrated in Fig. 4c ). In addition, the energy barrier decreased continuously following the increase of the uniaxial tensile strain. Therefore, the phase transition between 2H and 1T 0 is easier under uniaxial strain than under biaxial strain.
In contrast to MoTe 2 , there is no transition of structural stability observed for WTe 2 in Fig. 4d . Following the increase of the uniaxial tensile strain up to 8%, the 1T 0 phase becomes more stable than 2H. After the strain increased to more than 8%, the energy difference between 1T 0 and 2H does not change obviously, while the energy barrier decreased continuously following the increase of strain. It is noticed that the large uniaxial tensile strain along the b-axis will induce the compression in the a-axis. We considered the case of MoTe 2 under the uniaxial tensile strain of the b-axis of about 8%. It is found that the compression of a-axis is different under the tensile strain of b-axis for both phases. The a-axis compression of 1T 0 is larger than that of 2H. The tensile strain along the b-axis for the reversal of phase stability between 2H and 1T 0 is reduced to about 6% with an energy barrier of 0.782 eV per formula unit as shown in Fig. S2 in the ESI. † The effect of the a-axis compression on the energy barrier of phase transition under the tensile strain of the b-axis is checked. It is found that this effect on the energy barrier is small and less than 0.03 eV per formula unit as shown in Fig. S2,  S3 and Tables S2, S3 in the ESI. † We also performed the calculations for MoTe 2 and WTe 2 under the uniaxial compressive strain along the b-axis with the fixed a-axis. As shown in Fig. 5a and c, the energy barrier between 2H and 1T 0 of MoTe 2 decreased following the increase of compressive strain, while the 2H phase is more stable under compressive strain. This makes the phase transition from 2H to 1T 0 difficult under compressive strain. Interestingly, the uniaxial compressive strain along the b axis has an obvious impact on the phase transition of WTe 2 , as shown in Fig. 5b and d. When the uniaxial compressive strain is less than 3%, the 1T 0 phase is more stable. After the compressive strain increased more than 3%, the 2H phase is more stable. When the phase transition from 1T 0 to 2H happens, the energy barrier is about 0.78 eV per formula unit. With the increase of compressive strain, the barrier strain will be decreased further. At the same time the 2H phase is found to be more stable than the 1T 0 phase.
We also considered the effect of a-axis expansion under the uniaxial compressive strain of the b-axis for WTe 2 . It is found that the a-axis expansion of 2H is smaller than that of 1T following the increase of b-axis compressive strain as shown in Fig. S5 and Table S4 in the ESI. † The effect of a-axis expansion on the energy barrier under the b-axis compressive strain is found to be small and can be ignored for WTe 2 as shown in Fig. S6 and Table S5 in the ESI. †
Electronic properties of different phases
Because of the coordinate structure difference, from the trigonal prismatic structure to the distorted octahedral structure, both phases (2H and 1T 0 ) exhibit completely different electronic structures. We calculated the density of states (DOS) and band structures of unstrained MoTe 2 and WTe 2 monolayers with different phases including 2H, 1T and 1T 0 phases, as shown in With consideration of the spin-orbit coupling, the bands near the valence band maximum at K are split obviously ( Fig. S7 and S8 in the ESI †). By considering the underestimation of PBE/GGA to the band gaps of semiconductors, the functional HSE06 is employed and the calculated results are shown in Table 2 . For 1T-MoTe 2 and 1T-WTe 2 , the band gaps of the monolayer are closed and the VBM and the CBM are overlapped. After the structural distortion from 1T to 1T 0 , the states near the VBM and the CBM changed to some extent ( Fig. 6c and f) due to the low symmetry of the crystal field. The states of the valence band and the conduction band are not separated completely ( Fig. 7c and f) 
Conclusion
In summary, the structural and electronic properties of the tellurides MoTe 2 and WTe 2 are studied using density functional theory calculations. It is found that phase transition between 2H and 1T 0 is controlled by the simultaneous movement of metal atoms and Te atoms in their planes and does not go through the intermediate 1T phase. By the analysis of the pathway and dynamic energy barrier using the special two-step method, it is found that phase transition is possible since the energy barrier is not high. The energy barriers of MoTe 2 and WTe 2 are about 0.89 eV and 0.77 eV per formula cell. The relative stability of both 2H and 1T 0 phases can be modulated by the biaxial and uniaxial strain. The dynamic energy barrier is found to be decreased by applying the stress and strain. For MoTe 2 , the phase transition from 2H to 1T 0 can be controlled by biaxial or uniaxial tensile strain. Under the biaxial tensile strain of 10%, the 1T 0 phase becomes more stable than the 2H phase and the energy barrier of both phases is 0.90 eV per formula unit. Under the b-axis tensile strain of about 6%, the 1T 0 phase becomes more stable and the energy barrier is 0.782 eV per formula cell. In addition, the energy barrier decreased following the increase of tensile stain further. For WTe 2 , the phase transition from 1T 0 to 2H can be controlled by the uniaxial compressive strain along the b axis. It is found that the 2H phase becomes more stable than the 1T 0 phase and the energy barrier is 0.78 eV per formula unit under the uniaxial compressive strain of about 3%. In addition, the 2H-1T' phase transition can induce changes in electronic properties. With MoTe 2 and WTe 2 as examples, it is expected that the phase transition between 2H and 1T 0 of VI TMDs controlled by the strain can provide more applications in flexible, low-power and transparent electronic devices. 
